复合二维材料GO-MoS2锁模掺铒光纤激光器 by 李维炜 et al.
Opto-Electronic Engineering 
光 电 工 程 
 Article
2018年，第 45卷，第 10期
 
170653-1 
DOI: 10.12086/oee.2018.170653 
复合二维材料 GO-MoS2 锁模
掺铒光纤激光器 
李维炜，黄义忠，罗正钱* 
????????????????????? ?? 361005?
摘要：为了提升 MoS2 可饱和吸收体在脉冲激光器中的稳定性和工作性能，本论文采用氧化石墨烯(GO)作为胶体表面
活性剂，通过 LPE 的方法剥离出少层 MoS2，并进一步开展了少层 GO-MoS2用于掺铒光纤激光器(EDFL)锁模的实验
研究。在实验中获得了中心波长为 1558 nm，重复频率为 7.86 MHz，脉宽为 1.9 ps 的稳定锁模脉冲激光。当泵浦功
率为 60.5 mW 时，输出功率为 0.48 mW，脉冲峰值功率为 32.1 W。研究证明，采用这种方法制备的新型复合二维材
料有利于保持少层 MoS2的稳定性，并且能提高 MoS2 可饱和吸收体的损伤阈值，以获取更大脉冲能量的超快激光。 
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Abstract: In this paper, for improving the performance and stability of MoS2 saturable absorber, graphene oxide (GO) 
as colloidal surfactant is used to exfoliate MoS2 bulk material for obtaining few-layer GO-MoS2 nano-flakes. Further 
research on few-layer GO-MoS2 saturable absorber to mode-lock erbium-doped fiber laser (EDFL) is then conducted. 
In the experiment, a stable mode-locked pulsed laser is achieved with a center wavelength of 1558 nm, a repetition 
rate of 7.86 MHz and a pulse width of 1.9 ps. When the pump power reaches 60.5 mW, the output power is 0.48 mW 
and the pulse peak power is calculated to be 32.1 W. This work shows that the new composite 2D material prepared 
by this method is beneficial to maintain the stability of few-layer MoS2 and increase the damage threshold of the 
MoS2 saturable absorber for passive mode-locking. 
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1 引  言 
??????????????[1]?????[2]?
??????????[3-5]????????????
???????????????????????
???????????????????????
??????????????[6]? 
?????????????????????
???????????????????????
????(??/?????)[7-8]??????????
???????????????????????
????????????(? GHz)???????
???????????????????????
???????????????????????
???????????????????????
?????(saturable absorber, SA)????????
???????????????????????
??????[9]????????????????
????????? 
?????????????????[10]???
???????(semiconductor saturable absorption 
mirrors, SESAMs)[11]?????[12]????????
???????????????????????
???????????????????????
?? 2004???????? Novoselov??[13]???
???????????????????????
?????????????????????? SA
???????????????????[14-15]??
????????(topological insulators, TIs)[16-17]??
? ? ? ? ? ? (transition metal dichalcogenides, 
TMDs)[18-19]???[20]??????MoS2??????
?????????????????????MoS2
???????????????????????
“???”???????????????????
????????(???????)???????
?[21-22]????????????????????
???[23]? 
?? 2013? Blau??[24]?? 800 nm?????
Z ????????? MoS2 ??????????
???????????????????????
????????2014 ??????[18]? MoS2??
???????????????????????
???????????? 1 μm?1.5 μm? 2 μm?
?????????? Q????????????
MoS2???????????Li??[25]??????
????????MoS2?????????????
????????????????????????
Zhang ??[26]????? PVA ? MoS2??????
??????????????????? 1569.5 nm
?????????????? 710 fs??????
12.09 MHz?????????????MoS2???
???????? SA??????????????
? 2.5 GHz[27]?????????????????
????????????? DMF(N,N-Dimethyl 
formamide)?? NMP(N-Methyl pyrrolidone)????
?????? MoS2????????? MoS2???
?????????????????????/?
?????[28]??????MoS2-SA???????
?????????/?????(graphene oxide, GO)
??????????????????????[29]? 
???? MoS2??????????????/
????? (GO)????????????
LPE(liquid phase epitaxy)????????MoS2??
? GO???????????????MoS2???
??GO-MoS2????????????[30]????
???? GO???MoS2????????????
?????????????????????
MoS2-SA ???????????????????
?????????? 6000 r/m????? GO-MoS2
?? SA????????????????????
?(erbium-doped fiber laser, EDFL)???????? 
2  GO-MoS2材料表征 
?? 1 ??? GO-MoS2??????????
1(a)?? 1(b)??? GO ? GO-MoS2? AFM ???
1(c)?? 1(d)?????? GO ? GO-MoS2????
????? GO????? 1.2 nm????? 220 nm?
?? 1(d)???????? GO-MoS2???? 2 nm?
????? MoS2???? 0.7 nm????????
??????? GO+??MoS2?XRD?(1(e))???
???MoS2???GO-MoS2???????[002]??
??[103][105]?????????? 1(f)? GO-MoS2
???????? A1g?????????? AFM?
???XRD ?????????MoS2 ??????
? 1~3?? 
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????????? SA???????GO-MoS2
? GO ? MoS2 ???????????????
GO-MoS2????? GO? NMP-MoS2?? PVA??
???????????????????????
?????????? 60 ℃????? 3 h????
????????????? PVA-GO?PVA-MoS2
? PVA-GO-MoS2????????????????
??? SA? 
???????????[18]??????? SA
??????????? 2???PVA-GO?PVA-MoS2
???????~0.915?~0.90??????????
PVA-GO-MoS2(0.753)??????????????
????????????????????PVA-GO
? PVA-MoS2?????????????????
图 1  (a) GO 的 AFM 图；(b) GO-MoS2的 AFM 图；(c) GO 高度图；(d) GO-MoS2高度图；(e) GO-MoS2
XRD 图；(f) GO-MoS2拉曼图 
Fig. 1  (a) The AFM image of GO; (b) The AFM image of GO-MoS2; (c) The height image of GO; (d) The height image of
GO-MoS2; (e) The XRD image of GO-MoS2; (f) The Raman image of GO-MoS2 
(a) 
1 μm 1 μm
GO GO-MoS2 
(b) 
GO GO-MoS2 
Distance/μm 
0.2 0.4 0.6 0.8
 
-0.5 
0.0 
0.5 
1.5 
1.0 
H
ei
gh
t/n
m
 
(c) 
-1
0
1
3
2
H
ei
gh
t/n
m
 
(d)
Distance/μm 
0.2 0.4 0.6 0.8
 
(0
02
)  
Few-layer MoS2
GO*20 
JCPDS NO.06-0097
     
 
 
(0
04
) 
(1
00
) 
(1
02
) 
(1
03
) 
(0
06
) 
(1
05
) 
(1
06
) 
(1
00
) 
(0
08
) 
(1
08
) 
(2
03
) 
(1
01
) 
Bulk MoS2
2θ/(°) 
10 40 60 8030 20 50 70
In
te
ns
ity
/(a
.u
.) 
(e) 
In
te
ns
ity
/(a
.u
.) 
(f)
E2gl A1g
 
Few-layer MoS2
Bulk MoS2
380360 400 420 440
Raman shift/cm-1 
????    DOI: 10.12086/oee.2018.170653 
170653-4 
???????????????????????
??????PVA-GO-MoS2???????????
??????????????~1.51%??????
??? 92 MW/cm2??????? SA??????
?????? GO???MoS2?NMP??????
??MoS2??????? 
3  实验装置 
??????? GO-MoS2 ?????????
??? 1.5 μm?????????????? SA?
? EDFL?????????????? 3???974 
nm ????? 980 nm/1550 nm ??????
(wavelength division multiplexer, WDM)??????
??? 4.6 m? C?? EDF(Nufern, EDFC-980-HP)?
??????????? 53.6×10−3 ps2∕m?????
GO-MoS2-SA ???????????? 3 ????
???????? PVA-GO-MoS2 ???????
10:90????(optical coupler, OC)?? 10%????
??????????????(PI-ISO)??????
???????????(polarization controller, PC)
?????????????? 20 m ?????
(single-mode fiber, SMF)(−22×10−3 ps2∕m)?????
???????? 26.2 m???????-0.23 ps2??
????????????????????(HP 
70951B)????????????????????
10 GHz InGaAs ???(Nortel PP-10G-FAC)?? 200 
MHz?????(Tektronix TDS2024)???????
???????????? (Gwinstek GSP-930, 9 
kHz∼3 GHz)?????(FR-103XL, Femtochrome Re-
search Inc)??? 
图 2  PVA-GO、PVA-MoS2和 PVA-GO-MoS2的可饱和吸收特性 
Fig. 2  The saturable absorption characteristics of PVA-GO, PVA-MoS2 and PVA-GO-MoS2 
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图 3  GO-MoS2锁模 EDFL 结构图 
Fig. 3  The structure of GO-MoS2-based EDFL
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4  数据分析 
EDFL?????? 2.3 mW?????????
?? 20.5 mW?????? PC?EDFL??????
????????? 57.4 mW??????????
????????? 4(a)????????????
? 1558 nm?????????? C?? EDF???
????????? 3 dB??? 1.9 nm??????
Kelly?????????????????????
??? Kelly ?????????????? 4.46 
nm??????????????????? 4(b)
?????????????????~127.2 ns??
?????????~7.86 MHz?????????
???????????????????????
??????????????? 5%?? 4(c)???
???????????????????????
???~1.9 ps??????????? EDFL????
??????????????????
(time-bandwidth product, TBP)? 0.446???????
??? 0.44??????????????????
????????????????????
RF(radio frequency)???????? RBW(resolution 
bandwidth)??? 30 Hz???(? 4(d))??????
????? 7.8576 MHz????(signal-noise ratio,  
SNR)>55 dB????????????? 4(d)???
??? 300 MHz?????? RF????????
???????????????????????
?????? Q????????????????
???????????????????????
?????? 60.5 mW??????? 0.48 mW??
?????????? 32.1 W? 
?????????????????????
???????????????????????
???????????????????? 
图 4  GO-MoS2锁模 EDFL 特征。(a) 光谱；(b) 脉冲序列；(c) 自相关迹；(d) 频谱 
Fig. 4  The mode-locking characteristics of GO-MoS2-based EDFL. (a) Optical spectrum; (b) Pulse sequence; (c) Autocor-
relation trace; (d) RF spectrum 
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5  结  论 
??????? GO-MoS2 ?????????
(EDFL)????????????????????
1558 nm? EDFL???????????????
1.9 ps? 61 pJ?????? 7.86 MHz???????
60.5 mW??????? 0.48 mW????????
32.1 W????????????????????
?????????? MoS2 ??????????
MoS2?????????????????????
???????????????????????
?????????????????? 
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Composite two-dimensional material 
GO-MoS2-based passively mode-locked 
Erbium-doped fiber laser 
Li Weiwei, Huang Yizhong, Luo Zhengqian* 
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The structure of GO-MoS2-based EDFL 
 
Overview: In recent years, mode-locked fiber lasers have attracted extensive attention owing to their wide applications, 
such as material processing, optical communications, medicine, range finding and scientific research. This is because of 
their unique and outstanding advantages such as high peak power, narrow pulse width, compactness, low cost, high 
beam quality and ease of maintenance. Compared to active mode-locked fiber lasers which require a built-in amplitude 
modulator in the cavity, passive mode-locked fiber lasers using saturable absorbers (SA) as an intensity modulator have 
become a hotspot due to their simpler structure and abundant mode-locked phenomena. Traditional saturable absor-
bers include metal doped crystals, SESAMs and carbon nanotubes. For fiber lasers utilizing metal doped crystals or SE-
SAMs, it is difficult to achieve an all-fiber structure, and they are also usually costly. The carbon nanotubes are relatively 
simple to fabricate and also easy to be integrated optically, but they only operate in a relatively narrow band. Until 2004, 
Novoselovks et al. of the University of Manchester successfully fabricated few layers and single layer of graphene by 
mechanically stripping graphite. Since graphene was discovered, the two-dimensional materials have been used as SAs 
in fiber lasers. In addition to graphene, there is an endless stream of research on topological insulators, transition metal 
dichalcogenides, black phosphorus and so on. Among them, the transition metal dichalcogenides represented by MoS2 
is a newly developed two-dimensional nanomaterial. The monolayer of MoS2 consists of three atomic layers with a layer 
of molybdenum atoms sandwiched by two layers of sulfur atoms, which has good thermal and chemical stability. Fur-
thermore, few-layer MoS2 had been ambiguously verified to exhibit enhanced optical saturable absorption and can pos-
sess the stronger light-matter interaction. In this paper, for improving the performance and stability of MoS2 saturable 
absorber, graphene oxide (GO) as colloidal surfactant is used to exfoliate MoS2 bulk material for obtaining few-layer 
GO-MoS2 nano-flakes. Further research on few-layer GO-MoS2 saturable absorber to mode-lock erbium-doped fiber 
laser (EDFL) is then conducted. In the experiment, a stable mode-locked pulsed laser is achieved with a center wave-
length of 1558 nm, a repetition rate of 7.86 MHz and a pulse width of 1.9 ps. When the pump power reaches 60.5 mW, 
the output power is 0.48 mW and the pulse peak power is calculated to be 32.1 W. This work shows that the new com-
posite 2D material prepared by this method is beneficial to maintain the stability of few-layer MoS2 and increase the 
damage threshold of the MoS2 saturable absorber for passive mode-locking. 
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